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Developmental	 stuttering	 is	 a	 disorder	 that	 disrupts	 the	 fluency	 of	







and	 have	 proposed	 that	 stuttering	may	 be	 associated	 with	 deficits	
in	 the	 sensorimotor	 system	 (Bloodstein	 &	 Bernstein-	Ratner,	 2008).	
However,	an	 important	question	that	has	 received	 little	attention	 is	







































responses	 to	 compensate	 for	 unexpected	 auditory	 perturbations	 in	 comparison	 to	
adults	who	do	not	stutter,	suggesting	that	stuttering	may	be	associated	with	deficits	in	
integration	of	auditory	feedback	for	online	speech	monitoring.	In	this	study,	we	exam-
ined	whether	stuttering	 is	also	associated	with	deficiencies	 in	 integrating	and	using	
discrepancies	between	expected	and	received	auditory	feedback	to	adaptively	update	
motor	 programs	 for	 accurate	 speech	 production.	 Using	 a	 sensorimotor	 adaptation	
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feedback	 for	 speech	 production	 (Beal	 et	al.,	 2010;	 Cai	 et	al.,	 2014;	
Chang	 et	al.,	 2011;	 Daliri	 &	Max,	 2015a,	 2015b;	Max,	 2004;	Max,	
Guenther,	Gracco,	Ghosh,	&	Wallace,	2004).
Consistent	with	 this	view,	many	behavioral	 studies	have	 investi-
gated	auditory-	motor	integration	of	adults	who	stutter	during	speech	












production	 of	 people	 who	 stutter.	 Thus,	 subsequent	 behavioral	
studies	have	examined	 this	deficit	 in	more	detail	using	perturbation	
techniques	 to	 systematically	 manipulate	 specific	 parameters	 of	 the	
auditory	feedback	(Bauer,	Seery,	LaBonte,	&	Ruhnke,	2007;	Cai	et	al.,	














&	Guenther,	 2008).	Typically,	 speakers	 produce	 a	 reflexive	 compen-
satory response	to	the	perturbation	(usually	 in	the	opposite	direction	
of	the	perturbation	and	with	100–200	ms	lag	relative	to	the	onset	of	






















effect	 does	 not	 disappear	 immediately	 after	 the	 termination	 of	 the	
perturbation	when	participants	 revert	 to	 hearing	unperturbed	 audi-
tory	feedback;	this	indicates	a	learned	(rather	than	reflexive)	response	
in	which	 stored	motor	 programs	 have	 been	 updated	 to	 incorporate	
compensatory	 adjustments.	 Using	 an	 adaptation	 paradigm,	 one	 can	
investigate	 the	 integration	 of	 auditory	 feedback	 for	 calibration	 and	
maintenance	of	the	speech	production	system	(Houde	&	Jordan,	1998;	
MacDonald	et	al.,	2010;	Purcell	&	Munhall,	2006b).	The	extent	of	the	
adaptive	 response	 to	 auditory	 perturbations	 can	vary	widely	 across	
















(Bauer	 et	al.,	 2007;	 Loucks	 et	al.,	 2012;	Nudelman	 et	al.,	 1992)	 and	
temporal	parameters	of	articulation	(Cai	et	al.,	2014).	Together,	these	
studies	 suggest	 that	 adults	who	 stutter	are	 inefficient	 in	 integrating	





feedback	 in	 general)	 (see	 Daliri,	 Prokopenko,	 &	Max,	 2013;	 Loucks	
&	De	Nil,	2006b;	Max,	2004).	However,	 it	 remains	unclear	whether	
the	possible	reduced	reliance	on	auditory	feedback	may	also	result	in	












in	 retaining	 the	newly-	learned	motor	skills	 (Bauerly	&	De	Nil,	2011;	
Olander,	Smith,	&	Zelaznik,	2010;	Sasisekaran,	Smith,	Sadagopan,	&	















stuttering	 is	 associated	 with	 deficits	 in	 auditory-	motor	 integration,	









stutter	(CNS;	11	males;	age:	M = 8.63	years,	SD = 1.42;	range = 7.08–
11.42),	20	children	who	stutter	(CWS;	11	males;	age:	M = 8.49	years,	
SD = 1.51;	range = 6.08–11.17),	14	adults	who	do	not	stutter	(ANS;	8	
males;	age:	M = 23.74	years,	SD = 6.92;	range = 18.75–43.75),	and	14	












informed	 consent	 prior	 to	 participation	 (all	 children	 signed	 consent	
along	with	 their	 parents).	The	 study	was	 approved	by	 the	Michigan	
State	University	Institutional	Review	Board.








TOLD-	I4,	 ages	 9;0–12;0;	 or	 Test	 for	 Auditory	 Comprehension	 of	
Language,	TACL-	3,	ages	4;0–8;11	(Carrow-	Woolfolk,	1999;	Hammill,	






(conversations	 with	 a	 clinician),	 monologue	 (storytelling	 narra-
tive	elicited	via	 a	wordless	picture	book	 for	 children;	Mayer,	 1969),	
and	 reading	 task	 –	were	 reviewed	 off-	line	 by	 an	American	 Speech-	
Language-	Hearing	Association-	certified	speech-	language	pathologist	
(SLP)	 to	 confirm	diagnosis	 and	 severity	of	 stuttering.	The	Stuttering	
Severity	Instrument,	Fourth	Edition	(SSI–4;	Riley,	2008)	was	used	to	
determine	stuttering	severity	for	both	AWS	and	CWS,	based	on	a	min-
imum	500-	syllable	speech	sample	 recorded	during	 the	speech	 tasks	
described	above.	In	order	for	a	child	to	be	considered	in	the	stuttering	
group,	 the	child	needed	to	 (a)	exhibit	at	 least	3%	stuttering-	like	dis-
fluencies,	 (b)	score	at	 least	 ‘very	mild’	based	on	the	composite	SSI-	4	













Figure	1A	 depicts	 the	 apparatus	 of	 the	 experiment.	 During	 the	
experiment,	 participants	 were	 wearing	 headphones	 (HD	 380	 PRO,	
Sennheiser	 Electronic	 Corporation,	 Old	 Lyme,	 CT)	 with	 a	 head-	
mounted	microphone	 (AT-	803,	Audio-	Technica,	 Stow,	OH)	 that	was	
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placed	approximately	10	cm	away	from	the	corner	of	the	participant’s	
mouth.	The	signal	from	the	microphone	was	amplified,	digitized,	and	
transferred	 to	 a	 Lenovo	 Thinkpad	 laptop	 (Intel®	 Core™	 i5	 CPU)	 via	
an	 external	 audio	 interface	 (MOTU	MicroBook,	MOTU,	 Cambridge,	
MA).	Audapter	(Cai,	2015),	a	publicly	available	software,	was	used	for	
speech	processing	and	manipulation	in	near-	real	time	(~	14	ms	delay).	
Detailed	 descriptions	 of	 Audapter	 have	 been	 reported	 in	 previous	
publications	(Cai,	Ghosh,	Guenther,	&	Perkell,	2010;	Cai	et	al.,	2011).	
Briefly,	 the	microphone	 signal	was	 down-	sampled	 to	 12,000	Hz	 for	
real-	time	processing	 (to	decrease	 computational	 loads	 and	 thus	de-
crease	the	input-	output	delay).	Formant	frequencies	were	estimated	
every	2	ms	using	a	combination	of	an	autoregressive	linear	predictive	






AWS1 21.83 female 20 mild
AWS2 45.25 female 16 very	mild
AWS3 21.50 male 35 moderate
AWS4 44.08 male 18 mild
AWS5 19.33 male 24 mild
AWS6 18.08 male 26 moderate
AWS7 21.75 male 35 severe
AWS8 19.67 male 19 mild
AWS9 45.08 male 30 moderate
AWS10 53.08 male 37 severe
AWS11 22.83 male 14 very	mild
AWS12 24.67 male 23 mild
AWS13 28.50 male 36 severe






































































CWS1 9.92 female 29 severe
CWS2 10.00 female 19 mild
CWS3 8.00 female 16 mild
CWS4 10.83 female 8 very	mild
CWS5 8.75 female 13 mild
CWS6 6.08 female 22 moderate
CWS7 9.83 female 17 mild
CWS8 7.33 female 16 mild
CWS9 9.67 female 24 moderate
CWS10 11.17 male 14 mild
CWS11 7.25 male 10 very	mild
CWS12 10.25 male 11 mild
CWS13 7.00 male 23 moderate
CWS14 7.58 male 21 moderate
CWS15 7.08 male 13 mild
CWS16 7.25 male 13 mild
CWS17 9.50 male 12 mild
CWS18 7.17 male 19 mild
CWS19 7.25 male 27 moderate
CWS20 7.83 male 25 moderate
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implemented	 in	Microsoft	Visual	C++.	 In	a	given	trial,	 the	estimated	








The	 experiment	 was	 presented	 in	 the	 form	 of	 a	 game	 presented	
on	a	computer	 screen.	A	blue	bird	 landed	on	a	picture	associated	
with	one	of	 the	 three	 target	words	containing	 the	vowel	 /ԑ/	 (i.e.,	
‘head’,	 ‘bed’,	 or	 ‘Ted’)	 and	participants	were	 instructed	 to	 say	 the	
name	of	that	picture	(Figure	1A).	The	order	of	selected	target	words	
(pictures)	was	 randomized	within	 each	 block	 of	 three	 trials.	 First,	






a	ruler	 that	varied	 in	 length	 (corresponding	to	whether	or	not	the	
duration	of	participant’s	speech	was	in	the	range	of	300–700	ms).	




The	 experiment	 consisted	 of	 four	 phases:	 Start,	 Ramp,	 Hold,	
and	End	(Figure	1D).	The	Start	phase	consisted	of	six	blocks	during	
which	 participants	 heard	 their	 own	 production	 without	 auditory	
perturbation	while	producing	 the	words.	 In	 the	first	five	blocks	of	
the	Start	phase,	participants	always	received	visual	feedback	regard-







decrease	 in	 the	 second	 formant	 (F2)	of	 the	vowel	 /ԑ/	 (Figure	1B).	
The	 perturbations	 of	 vowel	 /ԑ/	 resulted	 in	 a	 signal	with	 formant	






participant’s	 intensity	 or	 duration	were	 outside	 the	 range	 –	were	
entered into the analysis.
2.4 | Data­and­statistical­analysis
Prior	 to	 data	 analysis,	 all	 trials	 were	 inspected	manually	 by	 raters	
blinded	 to	 perturbation	 condition	 (to	 avoid	 any	 bias	 and	 to	 en-
hance	the	reliability	of	 the	analyses),	 in	order	 to	exclude	trials	 that	
contained	 production	 errors	 or	 gross	 formant-	tracking	 errors.	 A	
custom-	written	MATLAB	script	 (The	MathWorks,	 Inc.,	Natick,	MA)	
was	 used	 to	 extract	 F1	 and	 F2	 trajectories	 from	 data	 output	 of	
Audapter.	Measurement	reliability	of	Audapter	has	been	established	




vowel).	Utterances	 that	 contained	production	errors	 and/or	outlier	
formant	 frequencies	 –	 outside	 the	 range	 of	 2	 standard	 deviations	
–	were	 excluded	 from	 further	 analyses.	 As	 a	 result,	 approximately	
7%	 of	 all	 experimental	 utterances	 were	 excluded	 from	 analyses	
(CNS:	M = 7.951%,	SD	=	3.733;	CWS:	M = 8.163%,	SD	=	3.426;	ANS:	
M = 6.569%,	SD	=	2.872;	AWS:	M = 6.204%,	SD	=	3.026).	There	were	
no	significant	differences	between	the	groups	who	do	and	do	not	stut-
ter	in	the	number	of	excluded	trials	(p > .135).	The	extracted	formant	
frequencies	 for	 the	 three	 trials	within	each	block	 (i.e.,	 three	 target	
words)	were	then	averaged.	We	did	not	find	between-	group	differ-
ences	 for	 children	 and	 adults	 for	 either	 the	 first	 formants	 and	 the	
second	formants	of	unperturbed	trials	 in	the	Start	phase	(p > .52 in 














CNS CWS ANS AWS
F1	(Hz) 802	(92) 780	(122) t(38)	=	0.65,	p = .52 634	(106) 626	(71) t(26)	=	−0.22,	p = .83
F2	(Hz) 2366	(207) 2364	(285) t(38)	=	0.02,	p = .99 1692	(199) 1686	(169) t(26)	=	−0.08,	p = .94
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magnitude	of	perturbations,	which	is	applied	in	the	unit	of	percent-
age,	 and	 the	magnitude	 of	 adaptive	 responses	 in	 each	 participant.	
Independent-	samples	 t-	tests	 (two-	tailed)	 showed	 that	 vowel	 dura-
tion	was	not	statistically	significantly	different	between	the	groups	




Statistical	 analyses	 were	 conducted	 using	 IBM	 SPSS	 Statistics	
20	(IBM,	Armonk,	NY).	As	dependent	measures,	the	average	normal-
ized-	F1	 and	 normalized-	F2	 were	 calculated	 during	 the	 Start	 phase	
(blocks	4,	5,	6),	the	Hold	phase	(blocks	22,	23,	24),	and	the	End	phase	
(blocks	28,	29,	30).	Separate	repeated-	measures	analysis	of	variance	
(ANOVA)	 were	 conducted	 for	 the	 children	 and	 adults,	 with	 Group	
(stuttering,	nonstuttering)	as	a	between-	subjects	variable,	and	Phase	





showed	 that	 the	variance	 of	 our	 dependent	variables	 did	 not	 differ	
significantly	across	groups	(p > .105	in	all	cases).
To	 ensure	 that	 participants	 actually	 changed	 their	 production	 in	
response	to	the	perturbations,	we	carried	out	a	priori	planned	com-






tion	 coefficients	 to	 examine	 possible	 relationships	 between	 depen-
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(defined	 as	 the	 magnitude	 of	 change	 in	 normalized-	F1	 or	 normal-
ized-	F2	 in	 the	Hold	phase	 relative	 to	 those	 in	 the	Start	phase;	 see	
Figure	2B)	in	the	Hold	phase	showed	that	ANS	successfully	adapted	
to	 the	 perturbation	 in	 the	 first	 formant	 (p < .001)	 but	 not	 to	 the	
perturbation	 in	 the	 second	 formant	 (p = .426).	 However,	 AWS	 did	
not	 adapt	 to	 perturbations	 in	 the	 first	 formant	 (p = .277)	 or	 the	
second	 formant	 (p = .408).	 Furthermore,	 statistical	 analysis	 of	 the	
normalized-	F1	 data	 revealed	 statistically	 significant	main	 effects	 of	
Condition,	F(2,	52)	=	12.636,	p < .001,	and	Group,	F(1,	26)	=	11.667,	
p = .002,	as	well	 as	a	 significant	 interaction	of	Condition	by	Group,	
F(2,	52)	=	6.232,	p = .004.	This	interaction	indicated	that	(a)	on	aver-
age,	 the	magnitude	of	adaptation	 for	ANS	was	significantly	greater	
than	 that	 for	AWS	 (p = .005),	 and	 (b)	 in	 contrast	 to	ANS	 (p < .001),	
however,	AWS	did	 not	 adapt	 to	 the	 perturbation	 in	Hold	 phase	 in	
comparison	to	the	Start	phase	(p = .381)	(see	Figure	2B).	It	should	be	
noted	that	both	AWS	and	ANS	performed	similarly	in	the	End	phase	











statistically	 significant	main	 effect	 of	Condition	was	 found	 for	 nor-
malized-	F1,	F(1.547,	58.791) =	52.082,	p < .001,	with	similar	pattern	
of	response	for	the	two	groups	(see	Figure	2C	and	D).	However,	our	
results	did	not	reveal	a	significant	main	effect	of	Group	or	Group	by	







































ference	was	 found	 between	 adaptive	 responses	 of	 the	 two	 groups	
for	F2	perturbation.
Together,	these	results	suggest	that	persistent	stuttering	in	adults	
who	 stutter	 may	 be	 associated	 with	 reduced	 reliance	 on	 auditory	
feedback,	 resulting	 in	deficits	 in	using	and	 integrating	discrepancies	




limitations	 in	 the	auditory-	motor	 integration	of	children	who	stutter	
(evidenced	by	a	 lack	of	 significant	difference	between	children	who	
do	 and	 do	 not	 stutter).	 In	 fact,	 the	 suggestion	 of	 reduced	 reliance	
on	auditory	feedback	is	consistent	with	the	results	based	on	primar-
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may	develop	a	strategy	in	which	auditory	feedback	is	given	less	weight	
during	speech	production,	which	results	in	smaller	adaptive	responses.	














Thus,	 it	 can	be	argued	 that	 the	paradigm	used	 in	 the	current	 study	












stuttering	 is	 associated	with	 network-	level	 deficits	 in	 both	 cortico-	
cortical	 loops	 and	 cortico-	subcortical	 loops	 rather	 than	 an	 isolated	
deficit	 in	 one	 specific	 brain	 region	 (Cai	 et	al.,	 2014;	 Lu	 et	al.,	 2012;	




several	 studies	 have	 reported	 abnormalities	 in	 cortico-	subcortical	
loops	of	adults	who	stutter	(Cieslak,	Ingham,	Ingham,	&	Grafton,	2015;	
Giraud	 et	al.,	 2008;	 Lu	 et	al.,	 2010).	Thus,	we	 speculate	 that	 limita-
tions	 in	 sensorimotor	 adaptation	 of	 adults	 who	 stutter	 may	 result	
from	deficits	 in	 cortico-	subcortical	 loops.	 In	other	words,	 deficits	 in	
cortico-	subcortical	 loops	may	 affect	 how	auditory	 and	motor	 struc-
tures	interconnect	in	adults	who	stutter,	and	limit	their	ability	in	using	







Lu	et	al.,	 2010),	 studies	on	 children	who	 stutter	 (Chang,	Zhu,	Choo,	
&	Angstadt,	2015;	Chang	&	Zhu,	2013;	Chang	et	al.,	2011)	have	also	
reported	structural	and	functional	abnormalities	in	cortico-	subcortical	
networks	 involved	 in	 sensorimotor	processes.	However,	 the	charac-
teristics	of	these	abnormalities	(e.g.,	direction	and	spatial	location	of	
abnormalities	relative	to	controls)	are	not	the	same	for	children	and	





regions	 in	 individuals	who	stutter	may	differ	 from	those	of	nonstut-
tering	individuals	(e.g.,	Beal	et	al.	2015).	Therefore,	it	is	possible	that	
a	deficient	cortico-	subcortical	 sub-	network	 that	 is	a	part	of	a	 larger	





In	 the	present	 study,	 auditory	 feedback	was	experimentally	ma-
nipulated	 but	 somatosensory	 feedback	 remained	 unaltered.	 We	








that	 the	motor	 compensatory	 response	 to	 somatosensory	perturba-
tions	in	adults	who	stutter	is	smaller	than	that	of	nonstuttering	adults,	
suggesting	that	adults	who	stutter	have	difficulties	in	integrating	so-
matosensory	feedback	 (in	addition	to	difficulties	 in	 integrating	audi-











of	 reliance	on	 auditory	 feedback	versus	 somatosensory	 feedback	 in	
people	who	stutter.
Auditory-	motor	learning	–	or	more	generally	sensorimotor	learn-







a	 review,	 see	Namasivayam	&	van	Lieshout,	2011).	Generally,	 these	
studies	have	reported	that	adults	who	stutter	are	slower	than	adults	




further	 test	 the	 relationship	between	 reliance	on	auditory	 feedback	
and	auditory-	motor	learning	in	people	who	stutter.
Finally,	 our	 results	 showed	 that	 the	 adaptation	magnitudes	 ob-
served	 for	 children	 and	 adults	 who	 do	 not	 stutter	 were	 similar	 to	
each	other;	however,	children	who	stutter	showed	greater	adaptation	
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